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Introduction
TiAl based intermetallic compound has been considered to be one of the best candidate materials for elevated temperature applications due to its excellent properties such as low density, high hardness and attractive oxidation resistance at high temperature [1] [2] [3] [4] . However, such composites suffer from limited ductility and fracture toughness at room temperature.
Recent research has demonstrated that the low temperature ductility can be greatly improved through the methods of composition optimization and microstructure control [5] [6] [7] [8] . By alloying with substitutional elements such as Nb, Cr, Mn, Fe, Ni and Cu, modification of the chemical composition may result in higher ductility and fracture toughness [9] [10] [11] [12] [13] [14] . On the other hand, the development of TiAl matrix composites is another promising way to improve the mechanical properties of TiAl intermetallics.
The existence of second-phase particles can prevent the movement of the grain boundaries, restrain the growth of grains, and improve the heat-resistance stability. Al 2 O 3 has been chosen as a ceramic reinforcement because of its advantageous thermo-mechanical behavior, inclusive of wear resistance, environmental stability, high temperature strength, and so on. Therefore, there arises a requirement to investigate the TiAl intermetallic matrix composites (IMCs) reinforced by Al 2 O 3 particles [15] [16] [17] [18] .
In this work, the idea of both micro-alloying and composite strengthening by Al 2 O 3 has been considered. Al 2 O 3 /TiAl composites were produced by hot-press-assisted in situ reaction synthesis method with elemental powder mixtures of Ti, Al, TiO 2 , Cr 2 O 3 and Nb 2 O 5 . The phase composition of the as-synthesized composites was identified by the XRD analysis, and the effect of the Nb 2 O 5 addition on microstructure and mechanical properties were investigated in detail.
Experimental
Ti (280 mesh, 99.3 % purity), Al (200 mesh, 99.5 % purity), TiO 2 (0.5 μm, 99% purity), Nb 2 O 5 (500 mesh, 99.5% purity), and Cr 2 O 3 (320 mesh, 99% purity) powders were used as raw materials. The following mixtures were prepared according to Tab. I. The mixture powders were ball milled in alcohol for 1 h. Further processes included drying under 40 ºC for several hour, Then the milled powders were compacted uniaxially under 10 MPa in a graphite mold coated with BN inside and firstly slowly heated to 900 ºC in vacuum (~10 -2 Pa) for 1 h. And then the compact was heated to 1300 ºC at a rate of 5 ºC /min under a pressure of 17.6 MPa and held for 2h with the pressure maintained. Finally, the sample was cooled down to room temperature. The surface layer of the samples was machined off to remove contaminants prior to characterization. The three-point bending flexural strength test of the specimens was conducted by the PT-1036PC material tester (Perfect Instrument Co. Ltd, Taiwan, China) with a span of 20 mm at a cross-head speed of 0.5 mm/min. The fracture toughness test of the specimens was carried out by the single edge notched beam (SENB) method, at a cross-head speed of 0.05 mm/min, with a loading span of 20 mm. The hardness of the samples was tested by using a Vickers hardness testing machine (HXD-1000, Shanghai second optical Ltd, China) using a load of 100 kg applied for 15 s. The bulk density of the as-synthesized composites was measured by the Archimedes method. The flexural strength and fracture toughness were determined with the following formulas, respectively, σ=3PL/2bh
where P is the breaking load of the specimen, and h, b, L, α, and Y are the height, width, span, notch depth, and form factor of the specimen, respectively. The flexural strength and fracture toughness were calculated by averaging five individual measurements. The phase composition of the composite was identified by the X-ray diffraction analysis (XRD, D/max 2200PC, Rigaku, Japan) with Cu Ka radiation operating at 40 kV. Microstructure analyses of the samples were conducted in a scanning electron microscope (SEM, JSM-6700, JEOL Ltd, Japan). Fig. 1 
Results and discussion 3.1 Phase composition
4Ti + 2Al → TiAl + Ti 3 Al (4) (Fig. 1 ) results, the dark regions represent γ-TiAl, α 2 -Ti 3 Al matrix and Cr 2 Al, NbAl 3 phase which form a lamellar structure. Meanwhile, the bright phase contains mainly Al and O and has an atomic composition of 43.64% and 51.91%, respectively, which is close to stoichiometric ratio of Al 2 O 3 . Fig. 3 shows the SEM micrographs of the fracture surface of the Al 2 O 3 /TiAl in situ composites with various Nb 2 O 5 contents synthesized by hot pressing. It is clearly from Fig.  3(a) and Fig. 3(b) that with the Nb 2 O 5 content increase, the structure of the as-sintered composites becomes refine with Al 2 O 3 particles remaining on the grain boundaries. The Al 2 O 3 particles change from an agglomerating state to an interpenetrating network structure, which is beneficial for the toughening effect in the composite material. However, when the Nb 2 O 5 content reaches 12.29wt % (Fig. 3d) , the Al 2 O 3 particles tend to agglomerate again, which are detrimental to the mechanical properties and reduce uniformity of the Al 2 O 3 /TiAl in situ composites. Fig. 4 shows that the density and Vicker hardness of the Al 2 O 3 /TiAl in situ composites. A linear increase in density and Vickers hardness with increasing Nb 2 O 5 content is evidently observed. The density increase from 3.73 to 4.01 g/cm increased, the amount of Ti 3 Al, NbAl 3 increased and which have much higher density and hardness than TiAl. The increase of hardness is also attributed to the higher hardness of the in situ formed Al 2 O 3 . In addition, with increasing the Nb 2 O 5 content, the microstructures of the composites are finer and have uniform distribution between the reinforcement phase of Al 2 O 3 and TiAl matrix (Fig. 3) , which is another important aspect for increasing the density and hardness. , respectively. Previous investigations revealed that doping with both Nb and Cr could improve the mechanical properties of Al 2 O 3 /TiAl composites more than those doped with single Nb [19] . These results indicate that the introduction of a certain amount of Nb 2 O 5 can improve the mechanical properties effectively due to the dispersion of Al 2 O 3 ceramics particles. However, when the Nb 2 O 5 content increase up to 6.54 wt%, the agglomeration of the Al 2 O 3 particles has a negative effect to the mechanical properties of the composite, which can be seen clearly from Fig. 3 (c) and (d) . In addition, when Nb and Cr were added to the composites, some Nb and Cr substituted Ti atoms in the crystal lattice of the Ti-Al intermetallic compound. The difference in bond energy between Nb, Cr and Ti could change the crystal lattice of the Ti-Al intermetallic compound and make the bond stronger. In other words, double elements doped can increase the strength of the composites than one element [19] . 
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